The resistance of human immunodeficiency virus type 1 (HIV-1) to antibody-mediated immunity often prevents the detection of antibodies that neutralize primary isolates of HIV-1. However, conventional assays for antibody functions other than neutralization are suboptimal. Current methods for measuring the killing of virus-infected cells by antibody-dependent cell-mediated cytotoxicity (ADCC) are limited by the number of natural killer (NK) cells obtainable from individual donors, donor-to-donor variation, and the use of nonphysiological targets. We therefore developed an ADCC assay based on NK cell lines that express human or macaque CD16 and a CD4
T
he inherent resistance of human immunodeficiency virus type 1 (HIV-1) to antibodies has confounded efforts to elicit neutralizing antibodies by vaccination and complicated the detection of antibodies that interfere with virus replication. The masking of antibody epitopes on the viral envelope glycoprotein (Env) enables persistent HIV-1 replication in the face of vigorous Envspecific antibody responses (32, 36, 65, 137, 138) . Antibody epitopes in the native Env trimer are occluded by glycosylation (66, 69, 91, 102, 108, 133, 144) , oligomerization of the gp120 and gp41 Env subunits (12, 47, 88, 89, 115, 136) , the recessed nature of the CD4 binding site (17, 73) , the spatial dispersion of the coreceptor binding site prior to CD4 engagement (16, 74, 128, 135) , and the thermodynamics of conformational changes associated with receptor binding (72, 92) . As a consequence of these features, no vaccine approach under consideration for clinical development has elicited detectable antibodies capable of neutralizing primary isolates of HIV-1 or simian immunodeficiency virus (SIV) that are representative of the circulating HIV-1 isolates confronting these vaccines (10, 15, 24, 25, 41, 68, 80, 86, 95, 103, 110, 114, 118, 127) .
Antibodies mediate antiviral immunity through numerous functions in addition to neutralization. The constant (Fc) region of IgG interacts with Fc receptors expressed on leukocytes and with complement. These interactions can contribute to antiviral immunity by inactivating and clearing virions (1, 121) , orchestrating the homing of effector cells (37, 42, 56, 78, 90, 93, 94, 98, 99, 113, 131) , inhibiting virus replication (23, 31, 33, 37, 45, 55, 70, 98, 128) , and killing virus-infected cells by complement-dependent cytotoxicity (CDC) (120) or by antibody-dependent cell-mediated cytotoxicity (ADCC) (71, 75, 112) . These nonneutralizing effector functions may be key components of antiviral immunity (58) .
It is important to measure the antibodies that bind Env despite the presence of features that confer resistance to antiviral immunity. Enzyme-linked immunoadsorbent assays (ELISAs) are routinely used to sensitively measure antibodies that bind to gp120 monomers or gp140 trimers, but these recombinant forms of Env expose epitopes that are normally occluded in the native, membrane-bound Env trimer that exists on virions and virus-infected cells (12, 15, 26, 34, 47, 48, 54, 73, 88, 89, 100, 111, 115, 116, 136, 137, 141) . When neutralization of primary viruses is undetectable, neutralization assays are often performed using T-cell lineadapted viruses, which have lost features that confer resistance to antibodies as an adaptation to chronic propagation on T-cell lines in vitro (11, 30, 83, 87, 105, 134) . Therefore, ELISAs using recombinant forms of Env and neutralization assays using T-cell lineadapted viruses measure antibodies that may not belong to the subset that is relevant for immunity against circulating HIV-1 isolates.
These drawbacks also apply to current methods for measuring antibodies that direct ADCC. ADCC is typically measured using target cells coated with gp120, gp140, or peptides (10, 19-22, 38-40, 46, 51-53, 59, 61, 64, 67, 101, 104, 124, 139) or chronically infected T-cell lines (38, 40, 51, 53, 104) . ADCC assays based on target cells coated with recombinant forms of Env or chronically infected T-cell lines therefore measure antibodies that may not direct ADCC against cells infected with primary isolates.
Practical considerations also place limitations on current methods for measuring antibodies that direct ADCC. These assays rely on natural killer (NK) cells expressing the low-affinity IgG receptor CD16 (Fc␥RIIIA), which are the predominant effectors of ADCC (125, 130) . However, the number of NK cells that can be obtained from an individual donor restricts the number of samples that can be processed in parallel. Donor-to-donor variation in the frequency and cytolytic activity of CD16 ϩ NK cells and the susceptibility of CD4 ϩ T cells to infection can adversely affect the consistency of assays that depend on primary cells (104, 124) . Furthermore, assays performed with primary cells can be cumbersome to perform, requiring the repeated isolation of effector and target cells. As a surrogate for measuring ADCC, inhibition of virus replication in the presence of effector cells and antibody can be evaluated by using assays for antibody-dependent cell-mediated viral inhibition (ADCVI) (40, 43-45, 59, 139) . However, ADCVI assays have the disadvantages associated with dependence on primary cells and often do not clearly discriminate between neutralizing and nonneutralizing antibody activities. Thus, current assays for the cell-mediated effects of antibodies have a number of drawbacks that limit their utility for measuring ADCC against HIV-or SIV-infected cells.
We therefore developed a novel ADCC assay based on immortalized cell lines-an NK cell line that expresses either human or rhesus macaque CD16 and a CD4 ϩ target cell line that expresses luciferase from a Tat-inducible promoter upon HIV-1 or SIV infection. The dose-dependent loss of luciferase in the presence of NK cells and serial dilutions of plasma or serum indicates the killing of virus-infected cells by ADCC. Using this assay, we show that although ADCC is correlated with other measures of virusspecific antibodies, there is incomplete overlap with the antibodies measured by neutralization and binding assays.
MATERIALS AND METHODS
Human and nonhuman primate samples. Human plasma samples were obtained from volunteers who had given written consent and were collected according to protocols approved by the Institutional Review Boards of the United States Army, the Ministry of Public Health of Thailand, the Royal Thai Army Medical Department, and Mahidol University (109, 110) . Additional plasma samples were obtained from volunteers who had provided written informed consent for studies of HIV-specific immune responses through protocols approved by the Institutional Review Board of the University of Massachusetts Medical School. All human plasma samples were deidentified. Samples from rhesus macaques (Macaca mulatta) were obtained from animals housed in a biocontainment facility at the New England Primate Research Center (NEPRC) and given care in accordance with standards of the Association for Assessment and Accreditation of Laboratory Animal Care and the Harvard Medical School Animal Care and Use Committee. The animal samples used here were collected under experimental protocols approved by the Harvard Medical Area Standing Committee on Animals for the purpose of other vaccine studies and conducted in accordance with the Guide for the Care and Use of Laboratory Animals (8) . All plasma samples were collected in sodium citrate anticoagulant and heat inactivated for 30 min at 56°C prior to use in assays.
Cell lines. The effector cells were derived from the CD16-negative human NK cell line KHYG-1 (Japan Health Sciences Foundation) (140) . KHYG-1 cells were transduced with a pQCXIP-derived retroviral vector that expresses human CD16 (V158 variant of FCGR3A) or with a pQCXIN-derived retroviral vector that expresses rhesus macaque CD16 (FCGR3A variant 7; PubMed accession number ABN69102) (84) . Transduced KHYG-1 cells were selected by propagation in medium containing puromycin or G418, respectively, and then subjected to limiting-dilution cloning. Individual clones were selected for use in the ADCC assay based on the criteria of CD16 expression, low background cytotoxicity against infected and uninfected target cells in the absence of antibody, and high ADCC activity. The NK cell lines were maintained at a density of 1 ϫ 10 5 to 4 ϫ 10 5 cells per ml in R10 cell culture medium consisting of RPMI medium (Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Invitrogen), 25 mM HEPES (Invitrogen), 2 mM L-glutamine (Invitrogen), 0.1 mg/ml Primocin (InvivoGen), 1 g/ml cyclosporine (CsA) (Sigma), and interleukin-2 (IL-2) (AIDS Research and Reference Reagent Program). The human CD16
ϩ KHYG-1 cells were cultured at 5 U/ml IL-2, whereas the macaque CD16
ϩ KHYG-1 cells were cultured at 10 U/ml IL-2. CsA was prepared as a 10,000ϫ stock solution in dimethyl sulfoxide (DMSO) (Sigma) at a concentration of 10 mg/ml. The NK cell lines were cryopreserved in 0.25 to 0.5 ml of recovery freezing medium (Invitrogen) supplemented with 1 g/ml CsA. After cryopreservation, thawed cells were washed twice in 37°C R10 medium supplemented with 1 g/ml CsA. FK-506 (Sigma) at 1 g/ml can be used as an alternative to CsA.
Target cells were derived from CEM.NKR-CCR5 CD4 ϩ T cells (60, 129) (AIDS Research and Reference Reagent Program, Division of AIDS, NIAID, NIH, contributed by Alexandra Trkola). The CEM.NKR-CCR5 cells were transduced with a pLNSX-derived retroviral vector, which contains the gene for firefly luciferase downstream from the SIV long terminal repeat (LTR) promoter (83) . After propagation in the presence of G418, a limiting-dilution clone was selected based on the criteria of supporting rapid virus replication and high luciferase expression in SIV mac 239-infected cells relative to the baseline level of luciferase expression in uninfected cells. Although luciferase expression from the SIV LTR is upregulated in cells infected by HIV-1, CCR5-tropic HIV-1 strains had suboptimal infectivity in this cell line. Infection by CCR5-tropic HIV-1 strains was greatly enhanced by transduction of these cells with a pQCXIP-derived vector that expresses human CCR5. A limiting-dilution clone was selected from CEM.NKR-CCR5 cells transduced with pQCXIP-CCR5, which expressed significantly higher levels of CCR5 than the original CEM.NKR-CCR5 clone. Target cell clones were maintained at densities of 5 ϫ 10 4 to 5 ϫ 10 5 cells per ml in R10 culture medium. ADCC assay. Target cells were infected 4 days prior to each assay. Infections were conducted by spinoculation to overcome the relative resistance of CEM.NKR-CCR5 cells to infection (96) . Spinoculation was performed in round-bottom 12 by 75 mm tubes by resuspending 5 ϫ 10 5 target cells in medium containing the following amounts of infectious virus, as measured by SIV p27 or HIV-1 p24 antigen capture ELISA: 200 ng p27 of SIV mac 239, simian-human immunodeficiency virus (SHIV) chimera SHIV SF162P3 , or SHIV KB9 , 200 ng p24 of HIV-1 NL4-3 , 300 ng p24 of HIV-1 92TH023 , or 1,000 ng p24 of HIV-1 YU2 . Mixtures of target cells and viral inoculum were subjected to centrifugation for 2 h at 1,200 ϫ g at 25°C. Afterward, the viral inoculum was removed, and the target cells were cultured in R10 medium as described above. A 5-to 20-fold induction of luciferase expression over the background level was generally observed for populations of target cells infected under these conditions. Immediately before the assembly of ADCC assays, infected target cells were washed three times in R10 medium.
ADCC assays were performed in round-bottom, tissue culture-treated polystyrene 96-well plates, with each well containing 10 4 target cells and 10 5 effector cells in a 200-l final volume. Assays were performed in R10 culture medium containing 10 U IL-2 per ml, with no CsA. Effector cells were combined with washed target cells immediately before addition to assay plates. The outermost wells of each plate were filled with phosphatebuffered saline (PBS) to minimize differences due to evaporation toward the edges of the plate. The second column of wells on each plate contained NK effector cells and uninfected target cells but no antibody and defined 0% relative light units (RLU). The third column contained NK cells and infected targets but no antibody and defined 100% RLU. Serial, 2-fold, triplicate dilutions of plasma or monoclonal antibody were added to columns 4 through 11 of each assay plate. Once targets, effectors, and serially diluted antibody were combined, assay plates were incubated for 8 h at 37°C and 5% CO 2 . After an 8-h incubation, a 150-l volume of cells was resuspended and mixed by pipette with 50 l of the luciferase substrate reagent BriteLite Plus (Perkin Elmer) in black 96-well plates. Luciferase activity was read approximately 2 min later using a Wallac Victor3 plate reader (Perkin Elmer).
Two methods are described for quantifying the data, 50% ADCC titers and area under the curve (AUC) values for ADCC. We estimated 50% ADCC titers as previously described for virus neutralization assays (4). The 50% intercept was calculated using the adjacent %RLU values above and below 50% RLU. AUC values for ADCC were calculated from log 10 -transformed %RLU values by the trapezoidal method. Log 10 %RLU values were subtracted from log 10 100 at each antibody dilution tested. To obtain an area, the sum of these differences was multiplied by the dilution factor, log 10 2. Any %RLU values Ͻ1% were replaced with 1%, and any negative sums (i.e., due to %RLU values of Ͼ100) were replaced with zeroes. Spearman correlation coefficients (R S ) and tests for statistical significance were calculated using Prism version 4.1b (GraphPad Software).
Depletion of macaque antibodies reactive with human cellular antigens. Some macaques produce antibodies that bind antigens expressed on human cells. To measure these antibodies, we performed ADCC assays by detecting the background level of luciferase expressed by uninfected target cells. Macaque antibodies reactive with human cells were depleted by adsorption onto uninfected CEM.NKR-CCR5 cells. A pellet of 10 7 CEM.NKR-CCR5 cells was resuspended in each plasma sample. After a 20-min incubation at room temperature with occasional gentle tapping, plasma was separated from cells by centrifugation, removed, and used to resuspend a fresh pellet of 10 7 CEM.NKR-CCR5 cells. Six iterations of this procedure were sufficient to deplete detectable antibodies from most samples, but 20 rounds of adsorption onto uninfected target cells were required for samples from macaques immunized with single-cycle SIV, which is produced in human embryonic kidney 293T cells.
Assessment of ADCC by flow cytometry. Parallel assays were performed to compare flow cytometry and luciferase as measures of cytotoxicity. Target cells were infected 4 days earlier with vesicular stomatitis virus (VSV) G trans-complemented single-cycle SIV, which expresses enhanced green fluorescent protein (eGFP) from the nef locus. On the day of the assay, infected and uninfected target cells were both labeled with the membrane-labeling dye PKH26 according to the protocol provided by the manufacturer (Sigma). After an 8-h incubation in the presence of macaque CD16
ϩ NK cells and serial dilutions of plasma from an animal infected with SIV mac 239, the luciferase activity of one plate was measured as described above. The cells on a second plate were resuspended, washed twice with PBS, and incubated at room temperature in the dark for 30 min in the presence of an amine-reactive dye, Live/Dead fixable far red stain (Molecular Probes, Invitrogen). Cells were subsequently washed in 2% FBS in PBS and resuspended in 2% formaldehyde in PBS. Data were collected on a FACSCalibur flow cytometer (BD Biosciences).
Neutralization assays. Neutralization assays were performed using triplicate serial dilutions of plasma. Neutralization of SIV mac 239 and SIV mac 251 TCLA was measured using a C8166 reporter cell line, which expresses secreted alkaline phosphatase (SEAP) from an SIV LTR promoter (83) . The sensitivity to detect neutralization of SIV mac 239 was maximized by minimizing the amount of virus input necessary to achieve consistent results, which was a concentration of infectious virus containing 0.5 ng SIV p27 per well in flat-bottom, tissue culture-treated polystyrene 96-well plates. Neutralization assays using SIV mac 251 TCLA were performed with 2 ng SIV p27 per well. Plasma and virus were incubated together for 1 h at 37°C before adding 15,000 C8166-SEAP cells per well. SEAP activity was measured after 3 days using a Phospha-Light SEAP detection kit (Applied Biosystems). Neutralization assays against HIV-1 YU2 were performed in TZM-bl cells (132, 133) , using an inoculum of infectious virus containing 2 ng HIV-1 p24 per well. TZM-bl cells were seeded to flat-bottom 96-well plates the day before each neutralization assay at a density of 5,000 cells per well. As for the SIV neutralization assays, antibody dilutions and viruses were incubated for 1 h at 37°C before being combined with reporter cells. Luciferase activity in TZM-bl cells was measured 3 days later, using BriteLite Plus luciferase substrate (Perkin Elmer). The antibody titers that neutralized 50% of the virus infection were calculated using the same formula used to calculate 50% ADCC titers.
ELISAs. Maxisorb ELISA plates (Nunc) were coated with recombinant, 6-His-tagged SIV mac 239 or HIV-1 HxB2 gp120 produced in 239T cells (Immune Technology) at a concentration of 0.5 g/ml in a 0.1 M sodium bicarbonate (pH 9.5) buffer. Plates were blocked overnight at 4°C in PBS containing 0.5% Tween 20 (Sigma) and 5% nonfat dry milk. Antibody samples were diluted in PBS containing 0.5% Tween 20 and 5% nonfat dry milk. Bound antibodies were measured using a horseradish peroxidase-conjugated goat anti-monkey/-human IgG antibody (Santa Cruz Biotechnology). A statistically defined endpoint titer was calculated from the mean plus three standard deviations for preimmune plasma samples from nine macaques at a 1:100 dilution, which was the highest plasma concentration tested (49) .
Viruses. VSV G trans-complemented single-cycle SIV mac 239 expressing eGFP from the nef position (35), SIV mac 239, HIV-1 NL4-3, and HIV-1 YU2 viruses were produced by transfection of 293T cells. SIV mac 251 TCLA was propagated in MT4 cells (83) . SHIV SF162P3 (AIDS Research and Reference Reagent Program, NIAID, NIH, contributed by Janet Harouse, Cecilia Cheng-Mayer, Ranajit Pal, and the DAIDS, NIAID) was expanded in rhesus peripheral blood mononuclear cells (PBMC) that were depleted of CD8 ϩ cells by using anti-CD8 magnetic beads (Invitrogen) and activated with phytohemagglutinin (PHA) (Sigma). HIV-1 92TH023 (AIDS Research and Reference Reagent Program, NIAID, NIH, contributed by the UNAIDS Network for HIV Isolation and Characterization) was initially grown in CD8-depleted, PHA-activated human PBMC and then expanded by short-term culture in CEM.NKR-CCR5 cells. The SHIV KB9 used here was passaged extensively in CEM.NKR-CCR5 cells to generate a strain with higher infectivity in this target cell line.
Purified IgG. To purify IgG from plasma, samples were incubated on a rotator overnight at 4°C with protein A beads (GE Healthcare). These were washed first with PBS containing 0.5 M NaCl and second in PBS. IgG was eluted off the protein A beads with 3 M MgCl 2 and subsequently dialyzed into PBS to remove the MgCl 2 . Dialyzed IgG samples were concentrated using Amicon centrifugal filtration units with a nominal molecular weight limit of 10 kDa (Millipore). Deglycosylation of IgG was achieved by treating 1 ml of plasma from an SIV mac 239-infected macaque with 20 g of endoglycosidase S (EndoS) for 2.5 h at 37°C (2, 3), and the IgG was purified away from the EndoS enzyme using protein A beads, as described above.
RESULTS

CD16 expression on NK cell lines.
Limiting-dilution clones of KHYG-1 NK cells were selected that express comparable levels of human or rhesus macaque CD16 (Fig. 1A) . The levels of CD16 expressed on these clones were compared to the levels expressed on primary NK cells from five human donors (Fig. 1B) and from five rhesus macaques (Fig. 1C) . The NK cells included in this comparison are the CD56 dim population in humans and the CD56 Ϫ/dim population in macaques, which include the majority of CD16 ϩ cytolytic NK cells in the peripheral blood of these species (28, 107) . This comparison demonstrates that the levels of CD16 expressed on the cloned NK cell lines are similar to or slightly lower than the levels expressed on the CD16 ϩ populations of primary human and macaque NK cells.
Luciferase as an indicator of cytotoxicity. We derived a target cell line from CEM.NKR-CCR5 CD4 ϩ T cells (60, 129) by stable transduction with a Tat-inducible luciferase reporter gene and evaluated the potential for the luciferase expressed by virus-infected target cells to serve as an indicator of cytotoxicity. A time course experiment was performed to determine the kinetics of the loss of luciferase activity from virus-infected target cells in the presence of NK cells and virus-specific antibody ( Fig. 2A) . Target cells infected with SIV mac 239 were incubated alone or in the presence of the macaque CD16 ϩ NK cell line and plasma from naïve or SIV mac 239-infected animals. Luciferase activity was measured in cells and supernatants collected every hour for 12 h. Relative to the luciferase activity in SIV mac 239-infected target cells that were incubated with NK cells, there were no differences in the luciferase activities measured in the absence of NK cells or in the presence of NK cells and plasma from a naïve animal (Fig. 2A) . In contrast, there was a loss of luciferase activity over time from the SIV mac 239-infected cells that were incubated with NK cells and plasma from an SIV mac 239-infected animal, consistent with the elimination of virus-infected cells expressing luciferase. A simultaneous increase in the luciferase activity detectable in the supernatant was also measured during the first 4 h. This initial accumulation of luciferase in the cell culture supernatant is consistent with the lysis of the majority of virus-infected cells occurring during the first few hours of the assay. However, this luciferase activity declined to baseline levels after 8 h, suggesting that the enzyme is rapidly inactivated or degraded in the supernatant. Hence, this experiment associates the loss of luciferase activity from virusinfected cells with a loss of membrane integrity and suggests that an 8-h incubation maximizes the sensitivity of detection of a decrease in luciferase activity due to the lysis of virus-infected cells.
As an alternative approach to confirm that the loss of luciferase from virus-infected cells reflects cytotoxicity, we performed parallel assays using both luciferase and flow cytometry to measure target cell killing. Target cells were infected with a virus derived from SIV mac 239 that is limited to a single cycle of infection and expresses enhanced green fluorescent protein (eGFP) from the nef locus (35) . Prior to the addition of macaque CD16
ϩ NK cells, the target cells were stained with a membrane labeling dye (PKH26) to facilitate discrimination between the effector and target cell populations by flow cytometry (51) . Infected target cells were incubated in the presence of NK cells and serial dilutions of plasma from an animal infected with SIV mac 239. After 8 h, the luciferase activity was measured for one set of samples, and the second set was stained with an amine-reactive dye that is excluded by the intact cellular membranes of live cells. In these parallel assays, the percentage of maximum luciferase activity corresponded to the percentage of maximum live eGFP-positive (eGFP ϩ ) cells over a range of plasma dilutions (Fig. 2B) . The percentage of dead target cells stained by the amine-reactive dye was lower among uninfected target cells (1.8%) than among infected target cells that were also incubated in the absence of plasma (2.87%) (Fig. 2C and  D) , due in part to the cytopathic effects of SIV mac 239 infection. In the presence of plasma diluted 10 2 -to 10 3.5 -fold, the loss of live eGFP ϩ target cells was associated with an increase in the number of dead target cells stained by the amine-reactive dye (Fig. 2E to H). Over the higher 10 4 -to 10 5.5 -fold dilutions of plasma, the live eGFP ϩ cell population increased in frequency, approaching the maximum percentage of live eGFP ϩ cells observed in the absence of plasma (Fig. 2I to L) . Thus, live eGFP ϩ target cells were eliminated in the presence of NK cells and plasma in a dose-dependent manner that corresponded to the loss of luciferase activity, while dead target cells identified by the amine-reactive dye increased in number. The loss of luciferase from virus-infected cells therefore corresponds to the killing of infected target cells by ADCC.
Specificity of ADCC activity. Experiments were performed to confirm that the ADCC activity observed in this assay was Env specific, IgG mediated, and Fc receptor dependent. A reciprocal Env mismatch experiment tested the ability of plasma samples from macaques infected with SIV mac 239, or with the simian-human immunodeficiency virus chimera SHIV KB9 , to direct the killing of cells infected with these viruses (Fig. 3A and B) . Plasma from an animal infected with SIV mac 239 directed the killing of cells infected with SIV mac 239 but not SHIV KB9 (Fig. 3A) . Likewise, plasma from an SHIV KB9 -infected macaque directed the killing of cells infected with SHIV KB9 but not SIV mac 239 (Fig. 3B ). Based on these observations and the fact that Env is the only viral protein expressed on the cell surface, the cytotoxicity measured using this assay is Env specific. The cytotoxicity of the cloned NK cell lines expressing macaque or human CD16 was compared with that of the parental KHYG-1 cell line. Macaque CD16 ϩ NK cells but not parental KHYG-1 cells, killed SIV mac 239-infected target cells in the presence of plasma from a macaque infected with SIV mac 239 (Fig. 3C) . Likewise, the human CD16 ϩ NK cell line was cytotoxic against HIV-1 NL4-3 -infected target cells in the presence of HIV-1 ϩ patient plasma, whereas the parental KHYG-1 cell line was not (Fig. 3D ). These results demonstrate that CD16 expression by the NK cell line is required for the killing of virus-infected cells in the presence of plasma.
To verify that the IgG fraction of plasma is responsible for the cytotoxicity measured in this assay, IgG was purified from the plasma of an SIV mac 239-infected macaque using protein A beads. The IgG and plasma were compared for the ability to direct the killing of SIV mac 239-infected target cells by the macaque CD16 ϩ NK cell line (Fig. 3E) , using input amounts of IgG and plasma that were normalized to have equivalent titers by gp120 ELISA. An identically formatted assay was performed using IgG purified from the pooled plasma of HIV-1 ϩ patients, the human CD16 ϩ NK cell line, and target cells infected with HIV-1 NL4-3 (Fig. 3F) . In both experiments, luciferase activity was lost to a similar extent at nearly all dilutions of plasma and IgG tested ( Fig. 3E and F ). These comparisons demonstrate that the cytotoxicity measured in this assay is mediated by the IgG fraction of plasma. The interaction between IgG and Fc receptors, including CD16, is dependent upon the presence of a single N-linked glycan attached to the Fc region of the antibody (94) . Streptococcus pyogenes encodes an enzyme, endoglycosidase S (EndoS), which specifically hydrolyzes this N-linked glycan (3, 27) . Treatment of IgG with EndoS inhibits ADCC and complement-mediated lysis (2) . To confirm that the cytotoxicity measured in our assay is dependent upon an Fc receptor-mediated interaction, we compared EndoS-treated IgG with untreated IgG (Fig. 3G) . Indeed, EndoStreated IgG from an SIV mac 239-infected macaque had no detectable ability to mediate cytotoxicity, whereas the untreated IgG directed the killing of SIV mac 239-infected cells. Removal of the N-linked glycan from IgG heavy chains was verified by SDS-PAGE, followed by staining total protein with Coomassie blue or blotting with a lectin specific for ␣-mannose residues, Lens culinaris agglutinin (LCA) (Fig. 3H) . The LCA blot showed that treatment with EndoS removed nearly all of the N-linked glycan from the IgG sample. These observations indicate that the cytotoxicity measured by this assay requires the IgG heavy chain to be glycosylated. Therefore, the cytotoxicity measured in this assay is Env specific, dependent upon the Fc receptor CD16, and mediated by IgG. Antibodies reactive with human cellular antigens. Some rhesus macaques have antibodies that bind antigens present on human cells, which can interfere with the detection of virus-specific ADCC. The ability of plasma samples to direct ADCC against uninfected target cells was assessed by measuring changes from the baseline level of luciferase activity. At a 1:32 dilution of plasma, 43% of macaques (45 of 105) had antibodies with at least 20% ADCC activity against uninfected target cells (Fig. 4A) . Notably, 12% of macaques exceeded 80% ADCC activity against uninfected target cells. In contrast, only 5.7% of HIV-1-negative human volunteers (22 of 386) exceeded 20% ADCC activity against cells infected with HIV-1 at a 1:32 dilution of plasma (Fig. 4B) . Therefore, antibodies reactive with human cellular antigens are a significant technical concern for measuring virus-specific ADCC activity in nonhuman primates but are less of a concern for human subjects.
Macaque antibodies that react with human cellular antigens can be depleted by adsorption onto uninfected target cells. Six rounds of depletion were sufficient to eliminate detectable ADCC activity against uninfected cells by plasma from 17 of 18 animals (Fig. 4C) . However, immunization of macaques with material produced in human cells can elicit antibody responses against human cellular antigens (29, 50, 106, 123) , and these antibodies require more iterations of the depletion procedure to eliminate. Pooled plasma from animals immunized with single-cycle SIV produced by transfection of human embryonic kidney 293T cells (63) exhibited similarly potent ADCC activity against target cells infected with SIV mac 239 or SHIV SF162P3 (Fig. 4D) . However, only the Env-specific ADCC activity against SIV mac 239-infected target cells was detectable after adsorbing antibodies to uninfected target cells 20 times (Fig. 4D) . To determine whether the depletion procedure reduces virus-specific ADCC activity, we measured ADCC against SIV mac 239-infected cells before and after 20 rounds of depletion using plasma from two SIV mac 239-infected animals that lacked detectable ADCC activity against uninfected cells (Fig. 4E  and F) . Both animals lacked discernible ADCC activity against SHIV SF162P3 , confirming the Env specificity of the signal measured. However, multiple depletions had little or no effect on the ADCC activity measured against SIV mac 239-infected target cells. Therefore, rhesus macaques often have antibodies that recognize human cellular antigens, but these antibodies can be depleted without an appreciable loss of virus-specific ADCC activity.
Preventing the loss of ADCC activity associated with cryopreservation. Cryopreservation of the NK cell line under standard conditions leads to a loss of cytotoxicity (Fig. 5A) . We hypothesized that this loss of cytotoxicity may relate to the ability of calcium flux to induce an unresponsive or anergic state, which can be prevented in T cells by the calcineurin inhibitor cyclosporine (CsA) (62, 79) . Indeed, the loss of cytolytic activity after cryopreservation of the NK cell line could be prevented by CsA (Fig.  5A) . To further our understanding of the causes of unresponsiveness following cryopreservation, we performed additional experiments using macaque CD16 ϩ KHYG-1 cells that were taken off CsA 3 weeks after being thawed. These cells were cultured for an additional 3 weeks in the absence of CsA to minimize the influence of any residual CsA on subsequent experiments. The ADCC activities of these cells were compared after they were frozen and thawed, treated with freezing medium but not frozen, or treated with ionomycin in the presence or absence of the calcineurin in- hibitors CsA and FK-506 (Fig. 5B to D) . Both CsA and FK-506 were able to prevent the induction of unresponsiveness by cryopreservation (Fig. 5B) . However, treatment of these cells with freezing medium alone, without actually freezing the cells, resulted in a loss of ADCC activity that could be prevented with CsA and FK-506 (Fig. 5C) . Likewise, CsA and FK-506 also prevented the loss of cytolytic activity observed after stimulating the macaque CD16
ϩ NK cell line with ionomycin (Fig. 5D ). These observations suggest that treatment with freezing medium or ionomycin induces the negative regulation of cytolytic activity through a pathway that can be inhibited by CsA and FK-506. Thus, the induction of unresponsiveness by cryopreservation can be avoided by freezing and culturing the NK cells in the presence of calcineurin inhibitor CsA or FK-506.
Reproducibility. Reproducibility was assessed by performing identical ADCC assays on 10 different days over a time period of 2 months. In each assay, the ADCC titer of purified HIV-1 ϩ patient IgG (HIVIG; obtained from the AIDS Research Reference Reagent Program) against target cells infected 4 days earlier with HIV-1 NL4-3 was determined (Fig. 6A) . The similarity of the HIVIG titra- tion curves indicates that the NK cell line maintained a relatively stable level of cytolytic activity over the course of 2 months. The variability among tests performed on the same day was quantified as described elsewhere (104), by determining the coefficient of variation (CV) at each dilution tested (Fig. 6B) . The CVs for the three wells that comprise each triplicate reading on the same day were 3.7 to 13.8%, averaging 10% at the higher concentrations of HIVIG, where ADCC activity was greater than 50%, but declining to 5% at lower concentrations of HIVIG. We also calculated the CV for assays performed on different days (Fig. 6B) . The CV values for assays performed on the same day were lower than for those performed on different days, which ranged from 30% at the highest HIVIG concentration tested to approximately 5% at lower concentrations of HIVIG. The HIVIG concentrations estimated to have 50% ADCC activity on 10 different days ranged from 1.4 to 7.3 g/ml (standard deviation, 2.5 g/ml) and had a CV of 65% (Fig. 6C) . These results suggest that although similar data were obtained on different days, direct comparisons of ADCC activity among different samples should be made using assays performed on the same day whenever possible.
Neutralization versus ADCC against a primary HIV-1 isolate. ADCC and neutralization of a primary HIV-1 isolate were compared using plasma samples from HIV-1 ϩ patients. The virus used for these comparisons, HIV-1 YU2 , is a neutralization-resistant, CCR5-tropic primary isolate that was cloned directly from patient tissue without in vitro expansion (18, 77, 114) . Plasma samples from 10 HIV-1 ϩ patients in the United States, who were not taking antiretroviral therapy, and from one uninfected volunteer were tested for neutralization of HIV-1 YU2 (Fig. 7A) . All of the HIV-1 ϩ -patient plasma samples had detectable antibodies that neutralized HIV-1 YU2 , which inhibited virus infection by 50% at 13-to 472-fold dilutions of plasma, with a mean 50% neutralizing antibody titer of 82. The same plasma samples were tested for their ability to direct ADCC against HIV-1 YU2 -infected cells (Fig. 7B) . On average, the 50% ADCC titers were 115-fold higher than the 50% neutralization titers for the samples where both ADCC and neutralization were measurable (P ϭ 0.0156, 2-tailed Wilcoxon matched-pairs test). Two of the samples lacked detectable ADCC activity, whereas the others had 50% ADCC titers ranging from 46 to 12,344, with a mean of 3,992. One of the two samples that lacked detectable ADCC activity had a 50% neutralizing antibody titer of 64. Another plasma sample had a low level of ADCC activity that did not cross the 50% threshold. Thus, ADCC titers were generally higher than neutralizing antibody titers, but there was not a direct correspondence between the antibody titers measured by these assays.
ADCC in comparison to neutralization and gp120-binding assays. The ability of plasma to direct ADCC against cells infected with a primary SIV isolate, SIV mac 239, was compared with neutralization of the same virus, neutralization of T-cell line-adapted SIV mac 251 TCLA , and binding to recombinant SIV mac 239 gp120 protein by ELISA. The plasma samples used for these comparisons were collected from 37 macaques in the chronic phase of SIV mac 239 infection, an average of 35 weeks postchallenge (range, 16 to 52 weeks). Since all of the animals were infected with SIV mac 239, differences in ADCC are not due to extensive viral diversity, which would complicate similar comparisons using samples from HIV-1 ϩ patients. All of the macaque plasma samples were depleted of antibodies reactive with human cellular antigens. Most of these plasma samples directed ADCC against cells infected with SIV mac 239 (Fig. 8A) . Excluding 11 animals that lacked measurable 50% ADCC titers, the average 50% ADCC titer was 16,162. In assays performed in parallel, the plasma samples had low to undetectable ADCC activity against cells infected with SHIV KB9 , indicating that the ADCC activity measured against SIV mac 239-infected cells was Env specific. Thus, most, but not all, of the animals chronically infected with SIV mac 239 made Envspecific antibodies capable of directing ADCC against cells infected with this virus.
Although calculating 50% or endpoint dilution titers produces numerical values with a wide dynamic range, plasma is undiluted in vivo. Therefore, a measure that reflects the extent of target cell elimination at higher concentrations of plasma may represent physiological conditions more accurately than a titer (119) . Therefore, as an alternative approach for quantifying the data, we calculated area under the curve (AUC) values for ADCC from log 10 -transformed %RLU values. This approach gives greater relative weight to differences in the extent of target cell elimination at higher antibody concentrations and yields values that are proportional to log 10 -transformed 50% ADCC titers (Fig. 8B) . These two methods for quantifying ADCC activity produced well-correlated data sets, with a Spearman correlation coefficient (R S ) of 0.8824 (P Ͻ 0.0001). Two of the 11 plasma samples that lacked detectable 50% ADCC titers had low but measurable AUC values for ADCC, suggesting that the latter quantification method may also facilitate comparisons that include samples with low ADCC activity. Therefore, AUC values for ADCC may have advantages over 50% titers for certain comparisons, although both methods are well correlated.
The plasma samples from 37 macaques chronically infected with SIV mac 239 were tested for their ability to neutralize SIV mac 239. Sixteen of the 37 animals had detectable 50% neutralizing antibody titers against SIV mac 239, with a mean titer of 66 (Fig. 8C) . All 16 animals that neutralized SIV mac 239 also directed ADCC against SIV mac 239-infected cells. The 50% ADCC titers in these animals were an average of 418-fold higher than the 50% neutralizing antibody titers (P ϭ 0.0002, 2-tailed Wilcoxon matched-pairs test). Thus, for the same plasma sample paired with the same test virus, the ADCC assay was a more sensitive measure of Env-specific antibodies than an optimized neutralization assay by at least 2 orders of magnitude. Perhaps due to this sensitivity, 10 animals that lacked detectable 50% neutralizing antibody titers had measurable 50% ADCC titers. Thus, the absence of detectable neutralization does not imply the absence of ADCC. However, neutralization and ADCC titers were well correlated (P Ͻ 0.0001, R S ϭ 0.7296) (Fig. 8D) . The comparison between ADCC and neutralization assays using SIV mac 239 suggests that these measures are related but that the ADCC assay is considerably more sensitive than the neutralization assay in most cases.
These plasma samples were also tested for neutralization of SIV mac 251 TCLA , a strain that has lost its resistance to neutralizing antibodies as a result of adaptation to an immortalized T-cell line (83) . Only 6 of the 37 macaques lacked measurable 50% neutralization titers against SIV mac 251 TCLA (Fig. 8E) . ADCC against SIV mac 239-infected cells correlated with neutralization of SIV mac 251 TCLA (P ϭ 0.004, R S ϭ 0.5527) (Fig. 8F) , albeit not as well as neutralization of SIV mac 239. Five animals with detectable SIV mac 251 TCLA neutralization titers lacked measurable ADCC titers against SIV mac 239-infected cells. Three of these five animals had SIV mac 251 TCLA neutralization titers that exceeded 20,000, suggesting that neutralization of SIV mac 251 TCLA is not predictive of ADCC. Thus, although ADCC against SIV mac 239-infected cells and neutralization of SIV mac 251 TCLA correlate in most cases, titers of neutralizing antibody to SIV mac 251 TCLA are not a surrogate for ADCC activity.
These plasma samples were also tested for antibodies that bind SIV mac 239 gp120 by ELISA (Fig. 8G) . The ELISA titers against gp120 were correlated with the ADCC titers against SIV mac 239-infected cells (P ϭ 0.0206, R S ϭ 0.3794) (Fig. 8H ), although the relationship was weaker than for neutralization of SIV mac 239 or SIV mac 251 TCLA . As noted for neutralization of SIV mac 251 TCLA , five samples that lacked measurable ADCC titers had gp120 ELISA titers. Four of these five samples bound gp120 at or above a titer of 20,000, suggesting that these animals made abundant antibodies to gp120 but failed to direct ADCC against SIV mac 239-infected cells.
Overall, ADCC against SIV mac 239-infected cells correlated best with neutralization of SIV mac 239, and least with binding to monomeric gp120. The relative strength of the relationship between ADCC against SIV mac 239-infected cells and neutralization of SIV mac 239 is probably due to the measurement of antibodies that recognize membrane-bound Env trimers of the same neutralization-resistant primary SIV isolate in both assays. Moreover, these comparisons suggest that neutralization of a T-cell lineadapted virus and binding to recombinant gp120 are not synony- mous with ADCC against cells infected with a primary virus isolate.
DISCUSSION
We have developed a practical method for measuring the capacity of antibodies to direct ADCC against cells infected with HIV-1 or SIV. The use of immortalized NK cell lines in combination with luciferase as an indicator of cytotoxicity enables the titration of many samples in parallel on a routine basis. The dose-dependent elimination of infected target cells by ADCC over serial antibody dilutions generates a curve, which facilitates quantitative comparisons over a large dynamic range. Thus, the potential for antibodies to direct ADCC against physiologically relevant targets can be quantified in a format analogous to state-of-the-art methods for measuring neutralizing antibodies (118, 132, 133) . The use of this approach indicates that there is incomplete overlap between the subsets of antibodies that direct ADCC against virus-infected cells and the antibodies measured in neutralization and gp120-binding assays.
HIV-1 vaccine approaches under consideration for clinical trials have not yet succeeded in eliciting antibodies capable of neutralizing primary isolates of HIV-1 or SIV that are representative of naturally transmitted HIV-1 isolates (10, 15, 24, 25, 41, 68, 80, 86, 95, 103, 110, 114, 118, 127) . Whether antibodies capable of neutralizing primary isolates of HIV-1 can be elicited by vaccination remains unclear (15, 86, 122) . Therefore, assays capable of measuring antiviral activity in the absence of detectable neutralization may be particularly valuable for the evaluation of HIV-1 vaccine candidates. Since the ADCC assay reported here is approximately 2 orders of magnitude more sensitive than optimized assays for neutralization of the same test viruses by the same plasma samples, it is often able to measure ADCC when neutralization is undetectable.
The relative sensitivity of the ADCC assay may reflect differences in the proportions of Env trimers that must be bound by antibodies to detect neutralization versus ADCC and in the epitopes bound by these antibodies. Every functional Env trimer on a virion may need to be consistently occupied by antibody to detect neutralization (142, 143, 145) , whereas a lower proportion of Env trimers bound by antibody may be sufficient to engage CD16. In addition, antibodies may be able to direct ADCC even if their association with Env does not interfere with entry or if they have a comparatively low affinity for functional Env trimers. Whereas neutralization assays measure only functional Env trimers, antibodies that bind nonfunctional conformations of Env may contribute to ADCC. Also, interactions between CD16 molecules and the Fc regions of antibodies may increase the avidity of interactions between those antibodies and Env. However, the sensitivity of the ADCC assay described here cannot be attributed to CD16 overexpression, since the levels of CD16 expressed by the NK cell lines were similar to or lower than the level of expression on primary NK cells. Therefore, the sensitivity of this assay probably reflects differences in the interactions between antibodies and Env that are necessary to detect neutralization versus ADCC.
Recent observations from an HIV-1 vaccine clinical trial (RV144) are consistent with a protective role other than virus neutralization for antibodies. Study subjects immunized with recombinant gp120 and a canarypox vector acquired HIV-1 infection at a reduced rate relative to the rate in recipients of placebo immunizations (110) . Although antibodies capable of neutralizing HIV-1 primary isolates were not detected, 98.6% of vaccine recipients had Env-specific antibodies that were detectable by gp120 ELISA. These antibodies have been hypothesized to account for vaccine protection (5), since vaccine recipients lacked significant CD8 ϩ T-cell responses (110) . In a follow-up study designed to identify immune correlates of vaccine protection in the RV144 trial, IgG antibodies capable of binding to the V1V2 region of gp120 correlated with protection and Env-specific IgA antibodies correlated with increased risk of infection (57) . There was a nonsignificant trend toward a lower risk of HIV-1 infection among the vaccinated study subjects with higher levels of ADCC activity measured using the assay described here. Moreover, among vaccinated study subjects with low or undetectable Envspecific IgA responses, there was a borderline significant relationship between ADCC activity and lower risk of infection. Thus, although ADCC was not identified as a correlate of protection, these results point to a role for Env-specific antibody responses in the modest protection observed in the RV144 trial.
The antibodies that bind Env despite the presence of features that have evolved to interfere with humoral immunity are important to measure, since these are the antibodies that are likely to possess antiviral activity in vivo. In contrast, many of the antibodies that bind recombinant forms of Env or neutralize T-cell lineadapted viruses recognize epitopes that may not be relevant to vaccine protection. Several previously published methods for measuring ADCC, or other Fc receptor-mediated antibody functions, are based on targets coated with peptides or recombinant forms of Env (1, 10, 19-22, 38-40, 46, 51-53, 59, 61, 64, 67, 101, 104, 124, 139) . Other methods have relied on viruses that are not representative of neutralization-resistant primary isolates due to chronic propagation in T-cell lines (38, 40, 51, 53, 83, 104, 134) or the use of CXCR4 as a coreceptor (14, 39, 43, 139) . Although these assays are influenced by differences in the Fc regions of antibodies, they have many of the same disadvantages as ELISAs for Envspecific antibodies or neutralization assays with T-cell lineadapted viruses. Indeed, a secondary analysis of ADCC activity in the RV144 trial revealed a nonsignificant trend toward higher risk of HIV-1 infection among the volunteers with higher ADCC activity against gp120-coated target cells-precisely the opposite of the trend observed with the assay described here (57) . The opposite relationships between HIV-1 infection and ADCC activity against HIV-1-infected versus gp120-coated target cells suggests that these approaches measure different subsets of antibodies. Likewise, RV144 participants with higher neutralizing antibody titers against neutralization-sensitive HIV-1 isolates, including Tcell line-adapted strains, also may have a higher risk of HIV-1 infection (57). Therefore, assays that do not consider features of the HIV-1 Env protein that have evolved to resist antibody responses may not be appropriate for assessing correlates of vaccine protection or for optimizing vaccine antigens.
Differences among the antibodies measured using neutralization-resistant primary isolates versus T-cell line-adapted viruses or recombinant gp120 protein may account for differences in the rank order of titers measured using the same plasma samples. ADCC against target cells infected with SIV mac 239 correlated best with neutralization of SIV mac 239, less well with neutralization of SIV mac 251 TCLA , and least with binding to recombinant SIV mac 239 gp120 by ELISA. Thus, the assay with the strongest relationship to ADCC against SIV mac 239-infected cells was neutralization of SIV mac 239, which measures antibody binding to the native Env trimer on the surface of virions. Samples with different levels of ADCC activity had similar SIV mac 251 TCLA neutralization and gp120 ELISA titers, suggesting that antibodies capable of binding nonnative forms of Env may be elicited more consistently than antibodies that recognize the native trimer. Several animals neutralized SIV mac 251 TCLA or bound gp120 by ELISA at titers of 20,000 or above but lacked detectable ADCC activity against SIV mac 239-infected cells. The antibodies produced by these animals probably recognized surfaces of Env that are available on SIV mac 251 TCLA virions or monomeric gp120 but not on SIV mac 239 virions or SIV mac 239-infected cells. Differences in IgG isotype or glycosylation are also potentially responsible for differences in the ADCC activities of samples with similar titers in other assays (13, 94) . Therefore, the differences we observed using different types of assays suggest that the antibodies measured using T-cell lineadapted viruses or recombinant gp120 can differ from those that direct ADCC against cells infected with neutralization-resistant primary isolates.
The main advantages of the approach described here stem from its use of an NK cell line. In contrast to ADCC assays performed using NK cells isolated from different donors (104) , ADCC assays performed on 10 different days using immortalized NK cells had consistent levels of ADCC activity. The CV values for ADCC activity measured on different days were approximately 30% among tests performed at higher antibody concentrations and 65% for 50% ADCC titers. At higher antibody concentrations, the coefficients of variation among individual wells tested on the same day were 3.7 to 13.8%, which is similar to reported CV values of 7.6 to 22.9% or 6.7 to 11.4% for assays performed on the same day with primary NK cells as effectors and gp120-coated or chronically infected T-cell lines as target cells, respectively (104) . Hence, the use of immortalized effector and target cell lines improves the reproducibility of ADCC assays.
Cryopreservation of the NK cell lines resulted in a loss of cytolytic activity. However, we were able to circumvent this problem by freezing the NK cell lines in the presence of calcineurin inhibitors. The logic that led to our use of calcineurin inhibitors stemmed from a model in which cryopreservation stimulates the NK cell line to negatively regulate effector function. Stimulation can induce an unresponsive or anergic state in T and B cells (117) , and chronic stimulation may contribute to NK cell dysfunction in the context of HIV-1 infection (6, 7, 37, 70, 81, 82, 85, 126) . T-cell, B-cell, and Fc receptor cross-linking induces an influx of calcium into the cytoplasm (97) . In the presence of cytoplasmic calcium, calmodulin activates the protein phosphatase calcineurin, which dephosphorylates nuclear factor of activated T cells (NFAT), exposing nuclear localization signals that promote the redistribution of NFAT to the nucleus, where it regulates gene expression (9) . This pathway is thought to be important for anergy induction, since calcium flux does not render T cells unresponsive in NFAT1 knockout mice or in the presence of the calcineurin inhibitor CsA (62, 79) . We speculated that cryopreservation may induce this negative regulatory pathway, since treatment of cells with 8% DMSO can induce calcium flux (76) and the freezing medium used here contains 10% DMSO as a cryoprotectant. Indeed, the addition of freezing medium was sufficient to induce a loss of ADCC activity that could be prevented with CsA or FK-506. Consistent with our model, CsA and FK-506 also prevented the induction of unresponsiveness after treating the NK cell line with ionomycin to mobilize an influx of calcium into the cytoplasm. Since these calcineurin inhibitors are used as immunosuppressant drugs in clinical settings (9) , it is perhaps counterintuitive that their use would promote cytotoxic effector function. However, these observations are consistent with a model in which treatment with freezing medium or ionomycin stimulates the NK cells to induce a calcineurin-dependent negative regulatory pathway, which can be blocked by CsA or FK-506. This solution to maintaining the cytolytic activity of the NK cell line through cryopreservation enabled the routine and reproducible measurement of ADCC activity.
We have shown that the antibodies that direct ADCC are correlated with the antibodies measured by other types of assays but that these relationships are not absolute. Therefore, the best practice going forward may be to measure both virus-specific neutralization and ADCC titers. Since neutralization assays using primary HIV-1 isolates do not currently detect vaccine-elicited antibody responses, the assay described here may be particularly useful for evaluating the ability of antibody responses to recognize physiologically relevant forms of Env.
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